Studies with 35S-labeled substrates were conducted to investigate the pathway involved in the reduction of sulfite to sulfide by cell-free extracts of the sulfate-reducing organism Desulfovibrio vulgaris. The results showed that accumulation of thiosulfate occurred when crude extracts were incubated under appropriate conditions with sulfite as substrate. With labeled sulfite as substrate, thiosulfate with equal distribution of radioactivity in both sulfur atoms was formed. When the rates of formation of 35S2-from inner-and outer-labeled thiosulfate were compared, the rate of formation from outer-labeled thiosulfate was greater. Time studies with S-5SQ32-showed an increase of 35S2-with time and an increasing ratio of doubly labeled to inner labeled thiosulfate remaining in the reaction mixture. From these studies it is concluded that thiosulfate is a stable intermediate formed from sulfite during the reduction of sulfate by D. vulgaris. Both sulfur atoms are derived from sulfite; during the utilization of thiosulfate, the outer sulfur is reduced to sulfide and the inner sulfur recycles through a sulfite pool.
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The formation of adenosine-5'-phosphosulfate (APS) and its reduction to adenosine monophosphate and sulfite, by dissimilatory sulfate-reducing bacteria, have been well documented (6, 10, 11) ; however, the pathway of sulfite reduction to sulfide is not clearly understood. Trithionate and thiosulfate were reported to be intermediate compounds during sulfite reduction by Desulfovibrio vulgaris (7) and a reaction involving the formation of thiosulfate from bisulfite was described (13) . Evidence was also presented showing that during sulfite reduction thiosulfate accumulated in reaction mixtures and subsequently disappeared. This was concomitant with a gradual increase in sulfide formation (3). These results suggest that suffite is reduced by D. vulgaris to sulfide through a pathway involving thiosulfate, and possibly, trithionate.
This study presents evidence that both sulfur atoms of thiosulfate originate from bisulfite and, furthermore, that during thiosulfate reduction the outer sulfur atom is reduced to sulfide and bisulfite is regenerated from the inner sulfur moiety.
MATERIALS AND METHODS
Cultivation of organism and preparation of cell-free extracts. The growth, harvesting and preparation of cell-free extracts of D. vulgaris, strain 8303, were previously described (1 acetone (w/v; pH adjusted to 9.7 with NH40H); (ii) 60 ml of 0.1 M NaNO3; (iii) 40 ml of 1 M NaNO3; (iv) 50 ml of 1 N HCI; (v) 50 ml of 3 N HCI; and (vi) 50 ml of 6 N HCI. Thiosulfate, eluting with I M NaNO3, was identified by Sorbo's method (12) .
Degradation of labeled thiosulfate. A modification of Anderson's method (2) was used for degrading the thiosulfate isolated by column chromatography. precipitate was thoroughly washed with water, and the washes and filtrate were combined. The glassfiber filter, containing the Agg'S precipitate, was placed in a 50-ml pear-shaped flask connected to two traps in tandem; each trap contained 10 ml of 1oX hydroxide of hyamine solution (Packard Instrument Co., Inc.). An attachment which allowed nitrogen gas to enter the flask, and which also contained a tube for introducing liquids, was placed over the pear-shaped flask. A slow stream of nitrogen was introduced to the closed system, and 2 ml of concentrated HCI was admitted through the delivery tube. When the precipitate completely dissolved, 2 ml of water was added through the delivery tube and the flask was immersed in a water bath at 90 C; nitrogen was continuously bubbling through the flask during the above manipulations. After 30 min, the nitrogen gassing was halted and the apparatus was disconnected. A 0.1-ml sample was removed from both hyamine traps and the radioactivity was determined. The hyamine traps represented the radioactivity present in the outer sulfur atom of thiosulfate. The glass-fiber filtrate, containing the inner sulfur atom as sulfate, was treated with 0.5 ml of 2 M NaCl solution to precipitate excess silver ions. The resulting suspension was filtered through Whatman no. 2 paper, and the filtrate was reacted with 2 ml of saturated Ba(OH)2 solution The BaSO4 precipitate was collected by filtering through a Whatman 42 paper disc (2 cm), the precipitate was washed thoroughly with water and dried, and the filter paper was placed in a scintillation vial containing counting fluid. It was counted with a liquid scintillation spectrometer (model 3375, Packard Instrument Co.). All counts were corrected for quenching.
Hydrogen sulfide was estimated colorimetrically by the method of Fogo and Popowski (4); "5S-sulfide was counted by.immersing the Cd35S filter paper into a scintillation vial containing suitable counting fluid. Protein was estimated by the method of Lowry et al. (9) . All radioactive compounds were purchased from New England Nuclear Corp.
RESULTS
Formation of doubly labeled thiosulfate from 35S-bisulfite. Studies on sulfate metabolism occurring in algae (8) showed that thiosulfate was formed from the sulfate moiety of 3'-phosphoadenosine-5'-phosphosulfate (PAPS) and a sulfhydryl group donated by an enzyme; the inner sulfur atom of thiosulfate was derived from PAPS, whereas the outer sulfur was supplied by the enzyme extract. Crude extracts of D. vulgaris were incubated with H6SO-3 and the thiosulfate which formed was isolated and degraded to determine the distribution of radioactivity. Table 1 shows that an equal distribution of radioactivity was present in the sulfur atoms of thiosulfate indicating that both of these atoms originated from bisulfite.
Rate of 35S-sulfide formation from inner-and outer-labeled thiosulfate. Figure 1 shows the rates of H"5S-appearance from inner-and outerlabeled thiosulfate It is seen that the outer sulfur atom is reduced significantly faster than the inner. Since thiosulfate reductase reduces thiosulfate to sulfide and sulfite, it seems reasonable to assume that the inner sulfur atom, existing as sulfite, was utilized by a "thiosulfate-forming system" (13) to form thiosulfate. By this mechanism the inner sulfur atom of thiosulfate can eventually be converted to the outer position. This can account for 35S-sulfide formation from the inner sulfur atom and also for the slower rate of H"5S-formation.
Cydling of the inner sulfur atom of thiosulfate.
To trace the inner sulfur atom of thiosulfate during thiosulfate reduction, inner-labeled thio-BISULFITE REDUCTION BY D. VULGARIS sulfate was incubated with D. vulgaris extracts, and at various time intervals the reaction mixtures were analyzed for the radioactive distribution in the substrate molecule. Table 2 shows that the amount of radioactivity in the outer sulfur increased as time progressed. These results, together with the data of Table 1 and Fig. 1 (Table 3) actually represents the sulfite originally present in the reaction mixture. The detection of radioactivity in the fractions which should contain polythionates may indicate that one or more of these compounds are intermediates between bisulfite and thiosulfate. Trithionate was implicated as one such compound (7); however, our attempts to identify this species in our reaction mixtures were not successful. No cycling of outer-labeled thiosulfate occurred when this substrate was tested under identical conditions as the inner-labeled thiosulfate.
Since two bisulfite ions are involved in forming both sulfur atoms of thiosulfate (13) , the average oxidation state of these atoms of thiosulfate should be considered to be +2. Since the sulfur atom of bisulfite exists in an oxidation state of +4, the formation of thiosulfate from bisulfite, as catalyzed by D. vulgaris, is a reduction. The mechanism of this reduction is still unclear. Although we previously observed that dithionite was spontaneously formed from bisulfite under reducing conditions (13) , it is possible that the spontaneous reaction was masking the amount of enzymatically formed dithionite. A more detailed study of the mechanism of bisulfite reduction to thiosulfate is required to elucidate this transformation.
